INTRODUCTION {#sec0335}
============

Studying the connectivity of large-scale brain networks has enhanced the knowledge about the neural underpinnings of specific Parkinson's disease (PD) symptoms \[[@ref001]\]. Abnormal striatal connectivity within the associate striatal circuitry and frontoparietal network \[[@ref002]\] and decreased engagement of the default mode network \[[@ref004]\] have been major findings in PD with cognitive impairment. However, between-network functional interplay and whole-brain graph measures might provide even deeper insight into the dynamic processes related to brain pathophysiology and brain adaptation to cognitive demands \[[@ref010]\]. In preclinical Alzheimer's disease, the earliest accumulation of amyloid-β in yet cerebrospinal fluid (CSF) negative/amyloid-PET negative individuals occurs within the default mode network (DMN) and disrupts the connectivity between the DMN and the frontoparietal network \[[@ref014]\]. In PD, the increased connectivity between the right insula (which is part of the frontoparietal control network; FPCN) and the DMN describes both the biological impact of pathophysiological processes (through correlation with CSF biomarkers) and the clinical status (by classification of patient group) \[[@ref013]\]. To our knowledge, no study has yet addressed the topic of distinct inter-network connectivity related to cognition in cognitively well-characterized PD subgroups, i.e., in patients with normal cognition (PD-NC) and patients with mild cognitive impairment (PD-MCI) \[[@ref015]\] as compared to healthy controls (HC) in a longitudinal prospective study.

We were specifically interested in the between-network connectivity (BNC) between the FPCN and both task-positive cognitive brain networks: the dorsal attention network (DAN) and the visual network (VN), and the only task-negative network: the DMN.

The FPCN plays a central role in decision-making and cognitive task performance control. It engages the anterior prefrontal cortex, insula, anterior cingulate, and anterior inferior parietal lobule, i.e., brain regions that are cortical area projections of the basal ganglia association circuitry and are directly affected by basal ganglia dopaminergic deficits \[[@ref002]\]. Cortical dopamine deficits observed in the insula and anterior cingulate cortices, as assessed by \[^11^C\]FLB PET (i.e., a cortical D2 dopamine receptor ligand), were linked with attention and memory deficits in PD with mild cognitive impairment (PD-MCI) \[[@ref018]\]. These brain regions are particularly involved in conflict monitoring, information integration, and response selection; while the posterior parietal regions are mostly engaged in controlling spatial attention \[[@ref019]\]. By being spatially positioned between the DMN and DAN nodes, the FPCN is thought to play a regulatory role in switching between the DMN and task-positive networks \[[@ref019]\].

The DMN consists of the ventral medial prefrontal cortex, dorsal medial prefrontal cortex, posterior cingulate cortex, precuneus, and posterior inferior parietal lobule. Its activity is suppressed during tasks, and it is prominent in resting-state fMRI \[[@ref023]\]. The DMN is involved in mind wandering, and is associated with internally directed cognitions \[[@ref019]\]. On the other hand, the DAN is particularly engaged in externally directed top-down visual attention control and it incorporates the dorsolateral prefrontal cortex, frontal eye field, middle temporal motion complex, inferior precentral sulcus, and superior parietal lobule \[[@ref025]\]. The abnormal integrity of the DAN and the involvement of its aberrant nodes in working-memory tasks and visual attention in PD has been reported previously (e.g., \[[@ref026]\]). The VN comprises the calcarine fissure, cuneus, and lateral occipital cortex \[[@ref019]\]; its abnormal connection with the DMN was reported in various stages of PD and is associated with impaired visual processing \[[@ref011]\] and the misperceptions that are frequent among PD patients \[[@ref033]\].

We expected to reveal BNC disruption between the FPCN and all studied cognitive RSNs, especially in the PD-MCI group. Particularly the FPCN-DMN inter-network connectivity in PD patients should be related to cognitive outcomes \[[@ref004]\]. On the other hand, the FPCN connectivity with other cognitive RSNs may be already impaired in the PD-NC group as compared to HC due to early attention, executive, and visual disturbances in PD \[[@ref035]\].

While applying a hypothesis-driven approach, the inclusion of cognitive brain networks of interest may be suitable for answering specific questions; however, the approach may not be generalizable, and some important and relevant changes in the functional brain connectome and its architecture might be missed. On the other hand, using solely a data-driven approach such as whole-brain graph measures may reveal global brain pathology-related abnormalities \[[@ref007]\], but the results may be difficult to interpret in terms of clinical relevance. Therefore, we decided to use and combine both approaches and applied three different methods: seed-based BNC analysis, partial least squares analysis (using the ROI approach), and a graph theory-based analysis (using the whole brain as well as ROIs approach). Moreover, studies remain inconsistent with regard to the direction of functional connectivity changes reflecting either pathology-induced within-network or inter-network connection deficits (e.g., \[[@ref014]\]), or conversely, connectivity increases due to brain compensatory mechanisms \[[@ref002]\], or both \[[@ref002]\]. Works approaching the subject from the network neuroscience perspective \[[@ref044]\] are even more varied in terms of results and their interpretations in PD with or without cognitive impairment as compared to HC \[[@ref007]\]. To explain these inconsistences, we applied a longitudinal study design.

METHODS {#sec0340}
=======

Study participants {#sec0345}
------------------

Our cohort consisted of 99 subjects: 58 healthy controls (HC) and 41 PD patients including 17 PD patients with normal cognition (PD-NC) and 24 PD patients with mild cognitive impairment (PD-MCI). The HC and PD cohorts were described previously \[[@ref002]\]; see also [Table 1](#jad-67-jad180834-t001){ref-type="table"}. All subjects were examined clinically; they underwent cognitive testing using a detailed neuropsychological test battery covering all cognitive domains and an MRI examination using the 3T Siemens Prisma machine at baseline and at the one-year follow-up visit. Anatomical T1 and fMRI scans were acquired using 3T Siemens Prisma MR scanner (Siemens Corp., Erlangen, Germany). PD subjects were examined in the ON medication state without dyskinesias. Each subject signed an informed consent form and the study was approved by the local ethics committee.

###### 

Demographic and clinical variables

  Variables                              HC, *n* =  51         PD-NC, *n* =  17          PD-MCI, *n* =  22      HC versus PD-NC   HC versus PD-MCI   PD-NC versus PD-MCI
  ---------------------------------- --------------------- ------------------------- ------------------------- ----------------- ------------------ ---------------------
  Age\* \[y\]                            68 (47 -- 80)           61 (45 -- 80)             68 (43 -- 80)          *p* = 0.01         *p* = 0.80          *p* = 0.12
  Gender \[% of male\]                       29.4                    76.5                      68.2              *p* \< 0.001       *p* \< 0.005         *p* = 0.57
  Education\* \[y\]                   16.0 (12.0 -- 21.0)        17 (11 -- 21)             13 (9 -- 21)           *p* = 0.41         *p* = 0.08          *p* = 0.01
  MMSE\*                                 29 (26 -- 30)           28 (26 -- 30)             27 (22 -- 30)          *p* = 0.94         *p* = 0.01          *p* = 0.09
  Memory z-score\*                     0.5 (--0.3 --1.5)       0.5 (--0.8 --1.5)        --0.6 (--2.1 --1.5)       *p* = 0.17        *p* \< 0.001         *p* = 0.01
  Attention z-score\*                  0.1 (--1.7 --1.2)      --0.1 (--1.6 --1.2)       --1.4 (--3.0 --1.2)       *p* = 0.70        *p* \< 0.001         *p* = 0.01
  Executive functions z-score\*        0.5 (--0.9 --2.1)       0.5 (--1.0 --2.1)        --0.6 (--2.5 --2.1)       *p* = 0.86        *p* \< 0.001        *p* \< 0.005
  Visuospatial functions z-score\*     0.3 (--1.2 --1.6)       0.6 (--1.3 --1.6)         0.1 (--2.1 --1.6)        *p* = 0.99         *p* = 0.05          *p* = 0.17
  Language z-score\*                   0.7 (--0.8 --0.7)       0.7 (--1.9 --0.7)         0.3 (--2.2 --0.7)        *p* = 0.46         *p* = 0.03          *p* = 0.61
  FAQ\*                                 100 (90 -- 100)         97 (93 -- 100)            97 (50 -- 100)          *p* = 0.06         *p* = 0.01          *p* = 0.97
  GDS\*                                  1.0 (0 -- 10)           3.0 (0 -- 10)             2.5 (0 -- 10)          *p* = 0.53         *p* = 0.37          *p* = 0.99
  LED\*                                       --            610.0 (160.0 -- 1928.0)   895.0 (160.0 -- 1710.0)         --                 --              *p* = 0.48
  Disease duration\* \[y\]                    --                  4 (1 -- 10)               5 (1 -- 20)               --                 --              *p* = 0.59
  UPDRS III\*                                 --                 14 (6 -- 40)           14.0 (7.0 -- 39.0)            --                 --              *p* = 0.86
  Hoehn and Yahr stage\*                      --               2.0 (1.0 -- 2.5)          2.0 (1.0 -- 2.5)             --                 --              *p* = 0.78

\*median (min-max); ns, nonsignificant; MMSE, Mini-Mental State Examination; FAQ, Functional Activities Questionnaire; GDS, Geriatric Depression Scale; LED, levodopa equivalent dose; UPDRS III, Unified Parkinson's disease rating scale Part III (motor examination).

Neuropsychological examination and recruitment of PD subjects based on published criteria {#sec0350}
-----------------------------------------------------------------------------------------

The complex neuropsychological testing evaluated global cognitive functions (Mini-Mental State Examination, MMSE), five cognitive domains \[[@ref002]\]: memory (Rey-Osterrieth Complex Figure Test: Immediate Recall, Delayed Recall, Recognition Task; Wechsler Memory Scale III: Word List I, Word List II, Recognition Task); attention (Stroop Color and Word Test: Word, Color parts and Trail-Making Test part A); executive functions (Stroop Color and Word Test: Color-Word part, Trail-Making Test part A, Verbal Fluency Test: semantic, lexical and Clock test); visuospatial functions (Rey-Osterrieth Complex Figure Test: Copy, Visual Object and Space Perception Battery -- Silhouettes); language (Mississippi Aphasia Screening Test -- Receptive, Expressive, and Total index), activities of daily living (Functional Activities Questionnaire, and depression (Geriatric Depression Scale).

All five cognitive domains were inspected for cognitive decline. Subjects who scored below -1.5 SD in two tests in one domain compared to normative data were categorized as having MCI. In addition, we applied the MCI criteria of Litvan et al. \[[@ref015]\], according to which subjects have concerns regarding a change in cognition, impairment in one or more cognitive domains, and preservation of independence in functional abilities. The cognitive domain z-scores were computed as the average z-scores of the tests included in the particular domain \[[@ref002]\]. Exclusion criteria for subjects included alcohol/drug abuse, hallucinations or visual misperceptions, and any diagnosed psychiatric disorder. All PD patients were longitudinally followed at the First Department of Neurology, Masaryk University and St Anne's Hospital, Brno, Czech Republic.

Pearson's chi-squared test was used to assess differences between groups in gender distribution and Kruskal-Wallis test with *post-hoc* tests was used in case of cognitive domains, age, education, MMSE, FAQ and GDS. To compare PD-NC and PD-MCI groups in terms of levodopa equivalent dose (LED), disease duration, UPDRS III and HY stage, Mann-Whitney U-test was used. Nonparametric tests were used in all analyses due to non-normal data distribution.

MRI examination {#sec0355}
---------------

### MRI sequences {#sec0360}

The following MRI sequences were used: magnetization-prepared rapid gradient-echo (MPRAGE) high-resolution T1-weighted images (240 sagittal slices, slice thickness  = 1 mm, TR = 2300 ms, TE = 2.36 ms, FA = 8°, FOV = 256 mm, matrix size 256×256) and gradient-echo echo-planar imaging sequence (200 scans, 39 transversal slices, slice thickness = 3 mm, TR = 2080 ms, TE = 30 ms, FA = 90°, FOV = 192 mm, matrix size 64×64) acquired during resting-state condition (eyes closed, subjects instructed to lie still and not to fall asleep).

### Resting-state fMRI data analysis {#sec0365}

Resting-state fMRI data were analyzed using MATLAB 2014a (MathWorks, Inc.) and SPM12 software (<https://www.fil.ion.ucl.ac.uk/spm/software/spm12/>). The pre-processing of the functional data consisted of realignment and unwarping, normalization into standard anatomical space (MNI), and spatial smoothing using gaussian filter kernel with FWHM of 5 mm. We thoroughly checked for motion artefacts using framewise displacement (FD) \[[@ref046]\]. Subjects with more than 10% of scans with FD \> 0.75 mm or at least one scan with FD \> 3 mm were excluded (seven HC, two PD-MCI; the mean FD was equal between groups, *p* \> 0.05, ANOVA). In addition, the functional time series of the remaining subjects were scrubbed \[[@ref046]\] (scans that showed FD \> 0.75 mm were removed). Volumes preceding or following high-motion volumes were not removed, following the recommendation of Siegel et al. \[[@ref047]\]. Moreover, the six-motion parameter time series, FD, and the signals from white matter and cerebrospinal fluid were regressed out of the data in subsequent analyses. The level of motion was also inspected visually during scanning by instructed technicians.

### Between-network connectivity (BNC) analysis {#sec0370}

Characteristic seeds (spheres with 6 mm radius) for the FPCN, DMN, DAN, and VN were chosen based on the work of Gao and Lin \[[@ref019]\]; see [Supplementary Table 1](#S1){ref-type="supplementary-material"} and [Figure 1](#jad-67-jad180834-g001){ref-type="fig"}. The time-series of each seed of the studied networks was averaged and cross-correlated using Pearson's correlation coefficient to form a correlation matrix for each subject. Pearson's correlation coefficients were converted into z-values using Fisher's r-to-z transformation. Representative BNC was calculated as mean of z-values belonging to each pair of networks. Differences in BNC among the HC group and PD subgroups were calculated for the baseline data (Kruskal-Wallis and *post-hoc* tests). Age, gender, education, and LED \[[@ref048]\] were included as covariates of no interest. Covariates were regressed out using general linear model. Spearman's partial correlations (after regressing out the effects of the covariates of no interest) with cognitive domain z-scores were calculated for each group separately using the baseline data as well as changes in values during the follow-up. The Wilcoxon signed-rank test was used to evaluate changes in cognitive performance and BNC after one year in the HC and PD groups, respectively. The alpha level for abovementioned statistical tests was set to *p* = 0.05. Effect size ($\widehat{p}$) was calculated according to Grissom and Kim (2012) \[[@ref049]\], for details see the [Supplementary Material](#S1){ref-type="supplementary-material"}.

![Visualization of seeds of respective networks.](jad-67-jad180834-g001){#jad-67-jad180834-g001}

### Partial least squares (PLS) analysis {#sec0375}

To assess inter-group differences in resting-state functional connectivity at the baseline between the selected networks, PLS analysis was used \[[@ref050]\]. This method was applied to connectivity matrices (adjusted for the abovementioned covariates) based on the AAL atlas, which consisted of a limited number of ROIs that were assigned to our networks of interest; see [Supplementary Table 2](#S1){ref-type="supplementary-material"}. Both positive and negative correlations entered the analysis. The correlation matrices were transformed to Z-values by Fisher Z-transform and stacked to form a single input matrix (subjects x edges). We employed the same methodology as described in our previous work \[[@ref051]\]. Briefly, the PLS decomposed the input data into three latent variables (LVs), each described by three features: vector ***v*** showing group-related differences, singular value ***s*** indicating the amount of explained variability in the input matrix, and vector ***u*** (saliences), which demonstrates the weighted contributions of individual edges to the effect depicted by ***v***. The significance of the LVs was evaluated using 5000 permutations of group membership and the reliability of saliences was determined by calculating the standard error using bootstrap sampling of group members (1000 iterations), with recalculating the PLS for each permutation and bootstrap. In the end, vector ***u*** was reshaped into the matrix resembling the original connectivity matrices, the significant edges (*p* \< 0.05, values obtained using bootstrap steps) were visualized, and FDR correction with critical expected False Discovery Rate set to 0.05 was applied[^1^](#fn1){ref-type="fn"}.

### Graph theory (GT) measures analysis {#sec0380}

The whole brain (except cerebellum) was parceled into 90 regions of interest (ROIs) according to the AAL atlas \[[@ref052]\]. These ROIs were intersected with previously calculated masks \[[@ref053]\] to ensure high signal quality in every subject. ROIs that contained more than 50% of signal dropouts in more than 10% of subjects were removed (12 in total). This threshold should ensure the high representativeness of the extracted time-series. If the same ROI is unaffected by dropouts, the median correlation **r** of the affected and unaffected ROI time-series should be higher than 0.91 \[[@ref054]\]. The time-series of each ROI was averaged and cross-correlated using Pearson's correlation coefficient to form a 78×78 correlation matrix for each subject. The functional connectivity was described on both global and regional levels. For further analyses, Fisher's z-transformed Pearson's correlation coefficients were used. Weighted networks were analyzed so that the useful information about strength of particular connections was preserved. Negative correlations were replaced with zeros[^2^](#fn2){ref-type="fn"}. To describe the network structure at a global level, average clustering coefficient, characteristic path length, average node strength, global efficiency, and modularity were computed using the Brain Connectivity toolbox \[[@ref055]\]. Normalized characteristic path length*λ* and normalized clustering coefficient *γ* were also calculated. Normalization was achieved by dividing the property value by the average property values of 100 random networks created with preserved weight, strength, and degree distributions.

To investigate the cognitive brain networks of interest, local clustering coefficient, nodal path length, node strength, eigenvector centrality, and betweenness centrality were computed for ROIs of the whole brain. Average value of each measure for four brain networks' ROIs as depicted in [Supplementary Table 2](#S1){ref-type="supplementary-material"} was computed and used as a representative local measure for these networks. Differences among the HC group and PD subgroups in determined measures were then evaluated for the baseline data using Kruskal-Wallis and *post-hoc* tests after regressing out the effect of the abovementioned covariates. To assess the change in these measures after one year in the HC and PD groups, the Wilcoxon signed-rank test was used. In terms of multiple comparison correction, False Discovery Rate (FDR) correction with critical expected FDR set to 0.05 was applied. Effect size ($\widehat{p}$) was calculated according to Grissom and Kim (2012) \[[@ref049]\], for details, see the [Supplementary Material](#S1){ref-type="supplementary-material"}. Spearman's partial correlations (after regressing out the effects of the covariates of no interest) of global GT measures with cognitive domain z-scores were calculated for each group separately using the baseline data.

RESULTS {#sec0385}
=======

Baseline demographic and behavioral results {#sec0390}
-------------------------------------------

After discarding 9 subjects due to motion during scanning, the final cohort comprised 90 subjects (51 HC, 17 PD-NC, 22 PD-MCI). For the demographic, clinical, and cognitive results of the subgroups, see [Table 1](#jad-67-jad180834-t001){ref-type="table"}. None of patients was taking any psychoactive drugs. The PD subgroups differed only in total years of education (higher in PD-NC) and in attention, executive function, and memory domain z-scores (lower in PD-MCI), which therefore became our domains of interest. Both PD groups had a higher proportion of males than the HC group. The PD-NC subjects were younger than the HC subjects. The PD-MCI subjects had lower scores on almost all cognitive evaluations than the HC subjects.

Cognitive changes after one-year follow-up period {#sec0395}
-------------------------------------------------

During the one-year follow-up period, the groups diminished to 37 HC, 13 PD-NC, and 10 PD-MCI due to loss to follow-up. The PD patients were merged into one group (PD-all, *n* = 23). Significant increases in memory z-scores were found in both the HC and PD-all groups (*p* = 0.001 and *p* =  0.0002, respectively). No cognitive deterioration in any cognitive domain was observed in either group.

fMRI results and associations with cognitive outcomes {#sec0400}
-----------------------------------------------------

### Baseline functional connectivity in PD subgroups compared to HC {#sec0405}

Between-network connectivity (BNC) analysis: The Kruskal-Wallis test revealed significant differences in all three BNC: FPCN-DAN (*p* =  0.014), FPCN-VN (*p* = 0.001), and FPCN-DMN (*p* = 0.033). The FPCN-DAN, FPCN-VN, and FPCN-DMN connectivities were significantly reduced in the PD-NC group as compared to the HC group (*p* = 0.010, $\widehat{p}$=  0.74; *p* = 0.0001, $\widehat{p}$= 0.82; and *p* = 0.029, $\widehat{p}$= 0.70, respectively). All investigated BNC decreased in the following order: HC \> PD-MCI \> PD-NC; see [Fig. 2](#jad-67-jad180834-g002){ref-type="fig"}. There was a near-significant difference between PD-NC and PD-MCI in the FPCN-VN connectivity, which was higher in PD-MCI (*p* = 0.05, $\widehat{p}$=  0.75); see [Fig. 2](#jad-67-jad180834-g002){ref-type="fig"}a-c. No significant correlations of the BNC with cognitive domain z-scores were found in individual groups after FDR correction with critical expected FDR set to 0.05.

![Baseline inter-network connectivity and longitudinal changes in HC and PD-all groups. [Figure 2](#jad-67-jad180834-g002){ref-type="fig"}a-c shows the baseline differences in inter-network connectivity between groups, \*marks the groups that significantly differ from the HC group in inter-network connectivity at *p* \< 0.05; [Figure 2](#jad-67-jad180834-g002){ref-type="fig"}d-f shows the changes in inter-network connectivity after one year in PD-all group (one-year follow-up visit -- baseline visit), \*marks the follow-up visit inter-network connectivity that significantly differs from the baseline visit at *p* \< 0.05; on each box the central mark indicates the median, top and bottom box edges indicate the 25th and 75th percentiles, whiskers extend to the most extreme data points not considered outliers, and + marks outliers.](jad-67-jad180834-g002){#jad-67-jad180834-g002}

Partial least squares (PLS) analysis: Three latent variables (LV) were obtained. One LV, which explained 68.35% of variance, proved to be significant (*p* = 0.0038). This LV showed the effect depicted in [Fig. 3](#jad-67-jad180834-g003){ref-type="fig"}a, demonstrating the strong difference between HC and PD-NC, with the PD-MCI group being between these two groups, i.e., the BNC and PLS analytical methods provided very similar results. The resulting matrix showing the most contributing edges is visualized in [Fig. 3](#jad-67-jad180834-g003){ref-type="fig"}b. From this matrix, it can be concluded that all studied between-network connections contribute to the reported effect, with the FPCN-VN BNC being the most substantial. Of note, the observed effect was markedly depicted also in the DMN-VN and DAN-VN BNC; see [Fig. 3](#jad-67-jad180834-g003){ref-type="fig"}b.

![Baseline PLS results. a) group-related differences (indicated by vector v of significant LV); b) reshaped matrix of significant saliences contributing correspondingly to the effect depicted in a), green -- *p* \< 0.05 uncorrected, yellow -- *p* \< 0.05 FDR corrected.](jad-67-jad180834-g003){#jad-67-jad180834-g003}

Graph theory (GT) measures analysis: At the global level, average clustering coefficient, average node strength, and global efficiency were significantly reduced in the PD-NC group as compared to HC, and decreases in the graph measures were present in the order: HC \> PD-MCI \> PD-NC; see [Supplementary Table 3](#S1){ref-type="supplementary-material"} and [Figure 4](#jad-67-jad180834-g004){ref-type="fig"}. Characteristic path length was increased in PD-NC as compared to HC, and it increased in the order: HC \<PD-MCI \<PD-NC; see [Supplementary Table 3](#S1){ref-type="supplementary-material"} and [Figure 4](#jad-67-jad180834-g004){ref-type="fig"}. At the local level, all studied cognitive brain networks showed a similar direction of changes across groups as the whole brain analysis for the average clustering coefficient and the average node strength; for details, see [Supplementary Table 3](#S1){ref-type="supplementary-material"}. The differences in characteristic path length described at the global level were significant for the FPCN and VN networks, with DAN and DMN showing trends. In addition, for the DMN, increased betweenness centrality was observed in both the PD-NC and PD-MCI groups in comparison to HC. No significant correlations of global GT measures with cognitive domain z-scores were found in any of the groups after FDR correction.

![Baseline GT measures and longitudinal changes in HC and PD-all groups. [Figure 4](#jad-67-jad180834-g004){ref-type="fig"}a-e shows the baseline differences in global GT measures between groups, \*marks the groups that significantly differ from the HC group in a particular GT measure at *p* \<  0.05; [Figure 4](#jad-67-jad180834-g004){ref-type="fig"}f shows the baseline differences in local GT measures between groups, \*marks the groups that significantly differ from the HC group in a particular GT measure at *p* \< 0.05; on each box the central mark indicates the median, top and bottom box edges indicate the 25th and 75th percentiles, whiskers extend to the most extreme data points not considered outliers and + marks outliers.](jad-67-jad180834-g004){#jad-67-jad180834-g004}

Changes in network connectivity in HC and PD-all groups after one-year follow-up period {#sec0410}
---------------------------------------------------------------------------------------

### Between-network connectivity (BNC) analysis {#sec0415}

In the PD-all group, significant increases of the FPCN-DMN and FPCN-VN connectivity were observed, with similar trends in the FPCN-DAN connectivity at the one-year follow-up assessment as compared to the baseline assessment (*p* = 0.03, $\widehat{p}$= 0.71; *p* = 0.01, $\widehat{p}$= 0.70 and *p* = 0.07, $\widehat{p}$= 0.78, respectively; see [Fig. 1](#jad-67-jad180834-g001){ref-type="fig"}d-f); no connectivity changes were detected in HC. Of note, the LED did not change significantly in the PD-all group after one year (Wilcoxon signed-rank test; *p* = 0.11). Anyway, the LED change in the patient group was controlled for in the second level analyses. No significant correlations were found between the BNC changes and cognitive z-score changes in any of the groups.

### Graph theory (GT) measures analysis {#sec0420}

Although some trends were visible in the PD-all group, no significant differences were observed in either the PD-all or the HC groups.

DISCUSSION {#sec0425}
==========

The current work investigates the BNC of major large-scale brain networks related to cognitive deficits in well-characterized PD groups as compared to HC and its changes related to the short-term disease progression. We studied the BNC of the relevant cognitive task-positive and task-negative RSNs with the FPCN, which is hypothesized to play a central role in cognitive control by switching between them \[[@ref019]\]. To enhance our understanding of these complex dynamic interactions related to PD cognitive status and disease progression, we employed three different methods---both hypothesis-driven and data-driven approaches, including the ROIs-based BNC, PLS, and whole-brain GT analyses.

First of all, we found decreased functional connection of the FPCN with all studied cognitive RSNs in PD-NC as compared to age-matched HC. The results of the seed-based BNC analysis were supported by the results of the ROI-based PLS analysis and by both regional and global network changes described by the GT measures. The most significant effect was present for the FPCN-VN connectivity. Of note, the PLS analysis additionally revealed VN-DAN and VN-DMN connectivity decreases, thus highlighting the importance of disrupted occipital node connections in cognitively unimpaired PD patients. Lastly, using the GT measures, both FPCN and VN networks displayed reduced node strength, clustering coefficient, network efficiency, and increased path length, suggesting network disconnection and disturbed inefficient transfer of information through these networks to other distant brain regions. The same pattern of the abovementioned GT measures changes was detected on the whole-brain global level. These findings conclusively show that the connection between FPCN and VN, and between each of them and other large-scale brain networks involved in cognition, are clearly functionally disrupted before any objective clinically relevant cognitive dysfunctions are present in PD.

It has been shown in the literature that abnormal engagement of the extrastriatal visual pathway nodes is characteristic of the early stages of PD \[[@ref011]\], for disease progression \[[@ref040]\], for PD-MCI \[[@ref027]\], and for PD with early dementia \[[@ref005]\] and dementia with Lewy bodies \[[@ref056]\]. Using GT based approach, Hou et al. \[[@ref057]\] described decreased nodal efficiency of the calcarine area; this decrease was positively correlated with visuospatial scores already in cognitively unimpaired drug-naïve PD patients. Decreased interaction of the visual nodes with other brain areas in PD without dementia was also described by Göttlich et al. \[[@ref032]\] and Peraza et al. \[[@ref042]\]. Baseline posterior-cortical cognitive deficits were shown to be predictive of faster cognitive decline and PD-related dementia \[[@ref058]\], and cortical cholinergic deficit as a neurotransmitter marker of PD-dementia \[[@ref059]\] was observed in the medial occipital cortex early in the course of PD, even before any cognitive decline was evident \[[@ref060]\]. However, functional deficits of the associate occipital cortices resulting from striatal damage \[[@ref036]\] may also play a role. In monkeys, experimental destruction of the posterior part of the putamen induced damage to the visual cortices and posterior parietal regions that was followed by a loss of visual attention in these animals \[[@ref061]\]. Thus we may speculate that extrastriate visual nodes disconnection in PD-NC might underlie early dopaminergic and cholinergic cortical dysfunction and perhaps also other pathological changes including Lewy bodies and beta amyloid depositions \[[@ref062]\], and might predict dementia in PD \[[@ref058]\].

Regarding the FPCN-DAN connectivity, Baggio et al. \[[@ref027]\] found a connectivity decrease between the DAN and insular areas that are engaged in the FPCN; however, this change was present only in cognitively impaired PD and not in PD-NC as compared to HC. On the other hand, decreased FPCN-DMN connectivity in the PD-NC group was in line with results of Boord et al. \[[@ref064]\], who demonstrated that these changes might alter the way in which the executive response is processed in PD. Similar results were reported in other studies (e.g., \[[@ref011]\]). Overall, the FPCN-DMN decreases may underlie the typical early impairment of attentional mechanisms in PD.

As for the GT based analysis results, higher characteristic path length and lower global efficiency in PD without dementia compared to HC were also observed in other studies \[[@ref007]\], and may refer to the defective global integration and efficiency of the network and to the 'disconnection syndrome' concept of PD. The clustering coefficient describes the local connectedness and functional segregation and specialization \[[@ref066]\], which also seem to be affected in PD \[[@ref007]\]. In contrast to other studies that examined PD patients without dementia, we differentiated between PD-NC and PD-MCI subjects based on a rigorous neuropsychological examination. We found significant differences between PD-NC and HC on both global (whole brain connectome) and local levels (evaluating the abovementioned measures for our networks of interest).

However, the crucial observation relates to the BNC in the PD-MCI group and to the disease progression in the cognitively mixed PD-all group after one-year of follow-up. The BNC strength of the FPCN with all other studied cognitive networks in the PD-MCI group was between that of PD-NC and HC. The most prominent differences between the PD groups based on their cognitive status were again observed in the FPCN-VN connectivity, where a near-significant difference (*p*  = 0.05) was detected between the PD-NC and PD-MCI groups (with higher connectivity strength in the PD-MCI group which almost reached that of the HC group). Regarding the FPCN-DMN and the FPCN-DAN connections, the pattern was similar, i.e., the BNC at baseline examination did not significantly differ between PD-MCI and HC, while it was significantly decreased in PD-NC as compared to HC; see [Fig. 2](#jad-67-jad180834-g002){ref-type="fig"}. Moreover, the same pattern was significant according to the PLS analysis, with a major contribution of the FPCN-VN connectivity; the results were further supported by the GT measures findings. This could mean that the PD-MCI status triggers the resting-state BNC upregulation in an attempt to increase the brain network efficiency and compensate for cognitive deficits and increasing amounts of underlying brain pathology.

The finding of the BNC increases in PD-MCI is not completely novel. Similar results of increases in functional connectivity between the insula and lateral occipital cortices in PD-MCI as compared to PD-NC were reported by Peraza et al. \[[@ref042]\]. The authors speculated about a potential association of this finding with an increased risk of hallucinations in the PD-MCI cohort despite the fact that none of their subjects had a history of hallucinations. Studies of PD patients with hallucinations report decreased interaction of the VN with other brain modules \[[@ref032]\] and decreased FPCN-DAN connectivity \[[@ref067]\]. The issue of functional brain reorganization and the associated risk of hallucinations should be further examined in studies with a longer follow-up period. Nevertheless, none of our subjects experienced hallucinations or visual misperceptions at the time of examination and none of them had a history of hallucination or psychosis.

Of note, one work reported that increased BNC may even lead to malfunction \[[@ref013]\]. In that study, the authors showed that the right insula was more highly correlated with both the frontoparietal and DMN networks in a mixed PD group (with and without cognitive impairment) than in HC and these changes were related to the amount of brain amyloid pathology as assessed by CSF (decreased levels of Aβ~42~) but also to lower attentional accuracy in the PD group. However, unlike Madhyastha et al. \[[@ref013]\] we did not find higher FPCN-DMN/ FPCN-DAN connections in the PD-MCI group as compared to HC (note that the BNC strength in PD-MCI was between that of PD-NC and HC). In comparison to the abovementioned works, we had an advantage of at least short-term follow-up of the same subjects. We demonstrated for the first time that the BNC increases, particularly of the FPCN-VN and the FPCN-DMN connectivity, occurred after one year of follow-up in the mixed PD group with and without MCI; while no such changes were present in the HC group. Regarding cognitive outcomes, no deterioration occurred in any of the cognitive domain z-scores in the PD-all group or in the HC group over time; moreover, the significant increase of memory domain z-scores was present in both HC and PD-all groups, probably due to practice effects \[[@ref068]\]. This result is in accord with the notion that increases in functional connectivity reveal efficient compensatory recruitment of cognitive resources to maintain task performance \[[@ref032]\].

Thus, based on our own results and the results of others, we suggest that in PD patients, the functional brain network reorganization dynamically reflects cognitive status and disease progression. There are evident early synaptic brain plasticity changes caused particularly by alpha-synuclein aggregates at the presynapses and by dopamine depletions \[[@ref069]\] that occur within distinct cognitive brain networks in PD-NC and precede changes in the brain structure \[[@ref007]\] and function (in this case, cognitive impairment). These changes are reflected in BNC decreases within the major cognitive RSNs, occipital node disconnection, and decreased global efficiency and impaired information transfer and processing on both global and local levels. With time, the gradual accumulation of disease pathology and neurodegeneration \[[@ref007]\], and progressing cognitive decline drive the upregulation of resting-state BNC of cognitive RSNs and increase information processing throughout the whole-brain connectome in order to provide efficient (or at least partially efficient) compensation. Similar results (increases of connectivity in a network involving mainly the frontoparietal nodes) were observed by Serra et al. \[[@ref072]\] in patients in the early phase of AD (amnestic MCI). The authors interpreted these specific changes as fitting with the existence of a 'neural reserve'. At a certain point in time, the amount of brain pathology and degeneration leads to a brain reserve disruption that may vary in individual subjects \[[@ref073]\] and to either more pronounced connectivity disruptions (e.g., \[[@ref027]\]) or further BNC overshoots which may even add to cognitive malfunction \[[@ref013]\]. The latter notion has to be explored by longitudinal studies with longer follow-up periods.

Another important finding relates to the result of increased betweenness centrality of the DMN nodes in both PD-NC and PD-MCI as compared to HC. Nodes with high betweenness centrality play a controlling role in the passage of information through the network \[[@ref076]\], and may be perceived as network hubs \[[@ref039]\]. Therefore, it can be hypothesized that in PD (both with and without MCI), the DMN still plays a central role in information flow control despite its altered intra-network and BNC \[[@ref004]\].

In conclusion, we found decreased BNC of major brain networks (and of the FPCN-VN connectivity in particular) related to cognition in the PD-NC subjects as compared to age-matched HC. With cognitive deterioration and time, the BNC of the FPCN increased, probably in an attempt to compensate \[[@ref002]\]. Of note, all the analytical methods employed produced a similar direction of changes across the studied groups and highlighted the importance of the FPCN-VN connectivity changes and of the connectivity of the FPCN and VN with other cognitive brain networks. Moreover, the GT results emphasized the importance of the DMN nodes to control the information flow in PD both with and without cognitive impairment. The one-year follow-up revealed that the distinct functional BNC upregulation in the cognitively mixed PD group was clinically efficient in terms of the short-term preservation of global cognitive performance and even of practice effects for memory tasks.

A limitation of the study was that 4 PD-NC and 12 PD-MCI subjects were lost to follow-up; the PD-NC and PD-MCI groups therefore had to be combined for further analyses. Our population was not screened with validated scales for anxiety or impulsive behaviors which might have had effect on the connectivity within and between cognitive networks. However, none of our subjects met criteria for any co-existing major psychiatric disorder (see exclusion criteria) and none of them took any psychoactive medication. We did not find significant correlations between our fMRI results and the numerous cognitive outcome measures in specific patient groups after correction for multiple testing. However, we were able to describe distinct underlying pathophysiological mechanisms occurring in cognitively well characterized PD subpopulations. Longitudinal studies with longer follow-up periods might show whether distinct inter-network connectivity patterns may predict dementia conversion in PD. Understanding the temporal dynamics of functional interplay between major cognitive brain networks may help monitor potential cognitive treatment effects including effects of invasive and non-invasive brain stimulation.
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Only edges showing corresponding effect to [Figure 3](#jad-67-jad180834-g003){ref-type="fig"}a are visualized and discussed; there were no significant edges showing the adverse effect.

We also calculated GT measures with absolute values of correlation coefficients; the results were essentially the same, and therefore we are reporting just the first variant.
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